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Abstract
Caffeine is the most consumed psychoactive substance in the world; in general, it is not associated to potentially harmful effects.
Nevertheless, few studies were performed attempting to investigate the caffeine addiction. The present review was mainly aimed
to answer the following question: is caffeine an abuse drug? To adress this point, the effects of caffeine in preclinical and clinical
studies were summarized and critically analyzed taking account the abuse disorders described in the Diagnostic and Statistical
Manual ofMental Disorders (DSM-V).We concluded that the diagnostic criteria evidenced on DSM-V to intoxication-continued
use and abstinence are not well supported by clinical studies. The fact that diagnostic criteria is not widely supported by
preclinical or clinical studies may be due specially to a controversy in its exactly mechanism of action: recent literature point
to an indirect, rather than direct modulation of dopamine receptors, and auto-limitant consumption due to adverse sensations in
high doses. On the other hand, it reports clear withdrawal-related symptoms. Thus, based on a classical action on reward system,
caffeine only partially fits its mechanism of action as an abuse drug, especially because previous research does not report a clear
effect of dopaminergic activity enhance on nucleus accumbens; despite this, there are reports concerning dopaminergic modu-
lation by caffeine on the striatum. However, based on human and animal research, caffeine withdrawal evokes signals and
symptoms, which are relevant enough to include this substance among the drugs of abuse.
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Introduction

Caffeine is the most famous and consumed psychostimulant
substance in the world: it has fans and lovers all over the
world, consuming it in a myriad of presentations such as
drinks, infusions, nutritional supplements, and medicines. In
general, it is consumed in a non-medical context, in fraction-
ated doses during the day. When taken in a moderated use, it
can lead to a subtle stimulant effect, useful to relieve the state
of mental fatigue and to increase the state of wakefulness and
attention (Nehlig et al. 1992). Even though caffeine exerts a
mild pharmacological effect when consumed associated to
daily common products, it has a complex interaction within

the central nervous system (CNS). In addition, its action can
be modified or strengthened by other components, for exam-
ple, antibiotics quinolones (especially ciprofloxacin and
ofloxacin) and inhibitors of CYP1A2, such as ketoconazole,
and fluvoxamine which increase its toxicity (Fredholm et al.
1999). Unlike other psychoactive drugs, caffeine is legal, af-
fordable, and has no regulatory framework in most of its con-
suming countries. This study performs a review focusing on
the following hypothesis: caffeine can be (H1) or cannot be
(Ho) considered a drug of abuse, considering recent studies
and DSM-V criteria. Here, we also describe caffeine in sum-
mary, considering its molecular structure, its main interactions
with central nervous system receptors, since this information
provides important framework to the discussion about addic-
tion and abstinence, as well as other symptoms associated to
drugs of abuse. In this context, we selected literature informa-
tion in order to analyze, under different criteria, whether caf-
feine can be considered a substance of abuse, looking both
through the optics of recent research on mechanisms of action
and through observed clinical withdrawal symptoms. Finally,
we described the main findings of existing literature about the
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abuse criteria regarding caffeine in the light of the abstinence
symptoms enumerated in DSM-V.

Methodology of reviewing process

The Pubmed database was used for selecting studies conduct-
ed in humans and in animal models aimed to investigate the
potential abuse effects of caffeine; selected manuscripts were
published in the period between 1975 and 2018. In the search
for original articles, firstly we selected studies conducted in
animals and in humans. Exceptions were articles used in the
brief description of molecular characteristics and pharmaco-
logical profile of caffeine. The dyads of terms used in surveys
througout the text were Bcaffeine and dependence,^ Bcaffeine
and withdrawal,^ Bcaffeine and dopamine,^ Bcaffeine and
microdialysis,^ Bcaffeine and nucleus accumbens,^ Bcaffeine
and ventral tegmental area,^ and Bcaffeine and FMRI.^ For
human studies, we differentially included Bcaffeine and
abstinence^ and for animal studies, we also included Bcaffeine
and microdyalisis,^ and Bcaffeine and effects.^ A total of
1.945 manuscritps were found. A total of 1.187 papers were
excluded based on the title (further in more detail in the text).

Manuscripts that did not provide data that addressed clini-
cal effects regarding caffeine, its mechanisms of action, abuse,
tolerance, withdrawal, as well as dependence or rewarding
pathways were excluded from this review. The remaining
758 articles were subjected to abstract reading and then 481
papers excluded after this phase. After full reading, we select-
ed 277 papers, thus, 257 papers were excluded, and, finally, 20
original articles were used in this review (see Fig. 1) to com-
pose the three tables along the manuscript according to clas-
sification methods presented in sequence.

The present review also used some criteria of article cred-
ibility considering their utility to address clinical and pharma-
cological criteria related to the abuse of caffeine. Manuscripts
that did not provide data that addressed clinical and preclinical
effects regarding caffeine, its mechanisms of action, abuse,
tolerance, withdrawal, as well as dependence or rewarding
pathways were excluded from this review.

We defined scores from BA^ to BD,^ related to an order of
credibility to guide the concluding positioning about this
question. They were here defined as follows:

A: Controlled studies in humans or based on question-
naires with 20 or more subjects per group and using con-
solidated clinical manuals;
B: Studies in patients and volunteers with questionnaires
and controlled studies with less than 20 subjects per group
or with unconsolidated clinical diagnosis or experimental
evaluation scales which were not yet consolidated;
C: Animal studies with a minimum of three subjects per
group for microdialysis, pharmacokinetic, or biochemical

studies. In the case of behavioral experiments, with a
minimum of six animals per group;
D: Studies in animals with less than three animals per
group for microdialysis, biochemical, or pharmacokinetic
studies. In the case of behavioral experiments, with less
than six animals per group

Chemical structure, metabolization,
and general action in the organism

Caffeine (1,3,7-trimethylxanthine) is an alkaloid (Brenelli
2003), a group of pharmacologically active, basic pH mole-
cules consisting of bitter crystalline solids. In pure form, it is a
bitter white powder.

It is known that by the end of the last century, caffeine had
been found in an average of 100 plant species, examples are
Camellia sinensis (tea), Coffea arabica (coffee),
Paullinia cupana (guaraná), and Ilex paraguariensis (mate). In
these plants, caffeine acts as a natural pesticide, inhibiting her-
bivory by insects. It is usually found in seeds, in the pericarp of
fruits and in the leaves of plants (Ashihara 2006). Caffeine is the
most popular psychoactive substance in the world, due to the
diversity of products that contain it (Nehlig et al. 1992). It is most
commonly used ingested as an infusion, orally. Caffeine, how-
ever, can be administered, in addition to the oral route, by intra-
muscular, intraperitoneal, subcutaneous, and rectal routes (sup-
positories). It rapidly reaches the bloodstream and distributes
itself through the tissues (Altimari et al. 2001). About 10 to
35% are bound to plasma proteins (Pardo Lozano et al. 2007).
When administered orally, it is absorbed quickly and completely
by the gastrointestinal tract, with total bioavailability. It crosses
the blood-brain barrier and placenta, and also concentrates on
bile, breast milk, semen, and saliva (Pardo Lozano et al. 2007).
After ingestion, the caffeine peak in the bloodstream is situated
betwen 15 and 120 min, depending on the presence or not of
food in the gastrointestinal tract (Altimari et al. 2001). They
present plasma half-life of 3 to 5 hours (Pardo Lozano et al.
2007).Caffeine is metabolized in the liver, mainly by cyto-
chrome P450 CYP1A2, which promotes its demethylation.
The main metabolites are paraxanthine (1,7-dimethylxanthine)
(85%), theobromine (3,7-dimethylxanthine) (10%), and theoph-
ylline (1,3-dimethylxanthine) (5%). Caffeine is excreted by the
urine, although it appears in a small amount (0.5 to 3%)
(Altimari et al. 2001).

Caffeine, as well as its metabolites, is lipophilic substances:
they easily cross the blood-brain barrier (Chen et al. 2010) and
reach the central nervous system. Upon arriving, caffeine
binds to presynaptic A1 adenosine receptor and postsynaptic
A2A adenosine receptor (Daly and Fredholm 1998). This ac-
tion prevents the endogenous adenosine from attaching to
these receptors, acting as a classical competitive antagonist
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of adenosine receptors (Meredith et al. 2013; Altimari et al.
2001). Notably, caffeine displays a variety of functions at the
cellular level (Daly and Fredholm 1998), further than the
adenosine receptor antagonism, as follows, intracellular calci-
um mobilization in the endoplasmic reticulum, phosphodies-
terase enzyme inhibition, sodium and potassium pump action.

Caffeine is a potent central nervous system stimulant and is
often used to reduce physical fatigue and increase alertness.
Initially, there is an increase in alertness, a clearer flow of
thought, greater focus and better overall bodily coordination
(Stoner et al. 1988). The symptoms caused by the consumption
of caffeine in humans depend on the ingested dosage. When

Caffeine (28121)

Animals – Clinical trials

Abs�nence (170)

CaffeineCaffeine

Dopamine (490)

WithDrawal (660)

Dopamine (210) FMRI (122)

Dependance (56) Thalamus (32)Accumbens (76)

1.187 ar�cles excluded 
by �tle.

758 ar�cles selected for 
reading the Abstract.

481 ar�cles excluded a�er 
reading the Abstract.

277 ar�cles selected for 
full reading.

257 excluded ar�cles 
a�er full reading.

20 selected ar�cles.

C - 9B - 6

D - 2A - 3

Humans – Clinical trials

Cogni�ve (113)

Thalamus (16)

1.945 ar�cles chosen from the research with dyads.

Fig. 1 Classification methods presented in sequence. We used pairs of
words as indicated in PubMed database for clinical trials in humans (at the
right side) and animals (at the left side) as indicated. In sequence is

presented the following filtering steps in this review. Scores from “A”
to “D” were placed according to an order of credibility to guide the
concluding positioning about this question
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there is a low amount of caffeine consumption, it is usually
observed in an acute condition: increased wakefulness, de-
creased somnolence, fatigue relief, increased catecholamine re-
lease, increased cardiorespiratory frequency, increased metabo-
lism, and diuresis (Braga and Alves 2000). Although these
Bpositive^ effects of caffeine can be usually considered safe, if
caffeine is chronically consumed without restriction, cnsumers
can develop cardiovascular problems, pregnancy risks, anxiety
disorders, and insomnia (Striley et al. 2011).

Pharmacodynamics of caffeine: interactions
with dopamine and adenosine systems

Caffeine produces subjective and behavioral effects that are
similar, albeit lighter, than the corresponding effects of typical
psychomotor stimulators (such as methylphenidate, amphet-
amines), which that are known to modulate dopaminergic
pathways (Kaasinen et al. 2004). However, available findings
suggest that the action of caffeine occurs primarily on adeno-
sine rather than in dopaminergic receptors (Ferré 2016).
Caffeine induces a psychomotor activation (hyperlocomotion
and stereotypes) compatible with the so-called Theory of
Stimulating Psychomotor Dependence (Wise and Bozarth
1987), in which reinforcing mechanisms are related to an ac-
tivity rise in classical dopaminergic pathways. In general,
psychostimulants induce behaviors as a consequence of an
augmented dopaminergic liberation in nucleus accumbens,
as well as in the caudate-putamen (Ferré 2016), but it is not
attested for caffeine.

In seminal studies, a singular difference considering an
indirect dopamine receptor agonist (such as amphetamine),
which facilitates the accumulation of this monoamine within
the synaptic cleft, and a direct dopamine receptor agonist
(apomorphine; a D1 full agonist), which objectively binds to
dopamine receptors, was firstly described.

In this context, caffeine (and theophylline) actions were
compatible, when injected in rodents, with a behavioral output
which is compatible to direct dopamine receptor agonists
(Fuxe and Ungerstedt 1974). In a more recent paper, re-
searchers observed, enhanced locomotor patterns caused by
caffeine apparently were extremely related to the upregulation
of dopamine receptors, located more specifically on the stria-
tum. (Volkow et al. 2015).

Aditionally, some papers reported rodent behavioral effects
of caffeine administration alone as a consequence of an indi-
rect agonistic action of caffeine on dopamine receptors (Fenu
and Morelli 1998; Cauli et al. 2003). Adittionally, spaced caf-
feine treatment predisposed rats to the effect of direct and
indirect dopamine receptor agonists (Cauli et al. 2003;
Pollack et al. 2010).

In addition, caffeine, when administered chronically in ro-
dents, implies in tolerance-related behaviors (Quarta et al.

2004). It must be stressed, however, that the effects of sensi-
tization and tolerance induced by caffeine are described as
distinct features, which implies distinct brain processes
(Ferré 2016).

Apparently, unilateral dopamine pathway denervation and
previous sensitization with direct dopamine receptor agonists
discloses and intensifies the apparent direct dopamine receptor
agonistic properties of caffeine (Ferré 2016).

Aiming to better situate the antagonistic action of caffeine
on adenosine receptors, it is crucial to state the main physio-
logical function of these receptors, together with adenosine
itself. Adenosine is produced by cellular metabolism of the
neuron and released from the inside of the cell. It accumulates
in the synaptic cleft and has an inhibitory action when it binds
to its receptors (Alóe et al. 2005).

Adenosine is a key modulator of dopaminergic and gluta-
matergic neurotransmission in the striatal local module (Ferré
2010). Your receptors are divided into three classes: A1, A2

(A2B and A2B) and A3. Among them, the A1, A2A and A3

receptors have high affinity for adenosine, whereas the A2B

and A3 receptors have low affinity (Ribeiro and Sebastio
2010), having also A3 a weak antagonist action (Daly and
Fredholm 1998). The molecular mechanism of action of
these receptors, when activated, is not yet well explained
(Daly and Fredholm 1998); what is known is that these
receptors are coupled to adenylyl cyclase (Paes-De-
Carvalho 2002), whether acting through inhibition, as in
the case of binding to A1 receptors, or stimulation, as in
the case of A2 receptors (Nehlig et al. 1992).

The A3 receptors are poorly expressed in the brain and
there are not many studies showing its activation after caffeine
administration (Ribeiro and Sebastio 2010). Thus, with the
exception of the A3 receptor, the other adenosine receptors
are antagonized by methylxanthines, such as caffeine (Paes-
De-Carvalho 2002).

In normal brain conditions, adenosine cannot activate all of
its receptors. In fact, only the A1 and A2A receptors are nor-
mally activated. Other receptors (A3) are only activated in
specific pathophysiological conditions, such as ischemia and
convulsions (Daly and Fredholm 1998).

Adenosine A1 receptors are co-expressed in dopaminergic
and glutamatergic neurons, and are localized in greater
amounts in the cerebral cortex, cerebellar cortex, hippocam-
pus, substantia nigra, and some thalamic nuclei (Daly and
Fredholm 1998). These receptors appear to be located in
synaptic terminals, where activation results in inhibition
of neurotransmitter release, but this mechanism remains
unknown, as well as the role in controlling the release
of neurotransmitters in various central pathways under
physiological conditions.

A1 receptor is also related to the arousing effects of caf-
feine; this brain activating process should be distinghished
from the achieved by classical psychostimulants, which may
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recruit different structures and mechanisms. The arousal ef-
fects of caffeine seem not to be dependent on ascending do-
pamine systems, being instead adenosine a crucial mediator of
drowsiness after prolonged wakefulness (Ferré 2016). It is
belived that adenosine accumulates at the extracellular space
of the basal forebrain, cortex and hypothalamus directly binds
to A1 receptor-mediated modulation. Additonally, also an in-
direct A2A receptor-mediated influence of the hypothalamic
histaminergic and orexinergic systems seems to be involved
in this process (Ferré 2010).

Studies have pointed that the most probable mechanism
underlying caffeine tolerance may involve a general arousal
emergence mediated byA1 receptor, but alsomay require both
upregulation in density or response on these receptors and be
associated to an increase in plasmatic adenosine ammounts as
well (Conlay et al. 1997).

Considering that caffeine has a general effect of arousal
that inhibits or causes a delay in sleepiness, we also should
look for the relationship between adenosine, caffeine, and
sleep. In fact, sleep deprivation in rodents promotes similar
alterations as those which are detected in prolonged adminis-
tration of caffeine: the A1 receptor upregulation and an incre-
ment in plasma adenosine levels (Elmenhorst et al. 2009). In
addition to A2A effects, Ferre et al. also suggested that, com-
plementarily, rodent studies indicate that A2A receptors also
could have a synergic action promoting the global arousal
observed within caffeine-induced effects (Ferré 2016).

Adenosine A2 receptors are most commonly expressed in
the caudate/putamen, nucleus accumbens and olfactory tuber-
cle, being present in GABAergic and dopaminergic neurons
(Daly and Fredholm 1998). The A2 receptor stimulates
adenylyl cyclase, whereas the co-localized D2 receptors inhib-
it adenylyl cyclase. Two types of interactions between A2A

and D2 receptors have been described: first type, activation
of A2A receptors in the striatal membrane may decrease
the potency of D2 receptor agonists; second, the activation
of D2 receptors in striatal membranes decreases the accu-
mulation of cyclic AMP induced by the activation of A2A

receptors (Daly and Fredholm 1998). Complementarily,
heteromers of A2A and D2 were specially described in
GABAergic striato-pallidal neurons, anatomically located
in striatum (Ferré et al. 1991b).

The caffeine mechanism for maintaining alertness is still
not well known. However, rodent studies have shown that,
following caffeine administration, there was a significant in-
crease in wakefulness in wild mice and also in those knock-
outs for A1 adenosine receptors. However, the knockout mice
for the adenosine A2A receptor did not show any significant
change after consumption of the substance. Thus, it is under-
stood that the increase of caffeine-induced vigilance parame-
ters in rodents depends on adenosine A2A receptors rather than
A1 receptors (Stoner et al. 1988; Park et al. 2014). Studies
suggest that adenosine A1 receptors and dopamine D1

receptors form an antagonistic heterodimer in GABAergic
pathways at the basal nuclei and prefrontal cortex (Stoner
et al. 1988). Considering that A1 is implied in general arousal
of subjects, according to Ferré (Ferré 2016), an increase in
responsiveness to non-rewarding salient stimuli is improved
by caffeine, through the disinhibition of adenosine-mediated
inhibition of ascending arousal systems.

Adenosine A1 receptors are probably localized at the syn-
aptic terminals of neurons, where the endogenous activation
of adenosine is believed to inhibit the release of neurotrans-
mitters (Daly and Fredholm 1998). Adenosine A2A receptors
are apparently present in dendritic spines and, probably, the
activation of endogenous adenosine would have a stimulatory
effect on the activity of these inhibitory GABAergic neurons
(Daly and Fredholm 1998).

Some preclinical studies have suggested that the pharma-
cological effects of caffeine are centered on the action of aden-
osine A1 and A2A receptor antagonists, which are also found
in large amounts in the striatum, particularly in striato-palidal
GABAergic neurons (Fredholm et al. 1999; Kaasinen et al.
2004; Volkow et al. 2015). Initially, it was postulated that
adenosine A1 receptor antagonism could result in increased
dopamine efflux in the nucleus accumbens (Solinas et al.
2002), but this finding was observed only with higher doses
of caffeine and it was not in agreement with others (Acquas
et al. 2002; De Luca et al. 2007). However, it has been shown
that the administration of caffeine tends to provide dopamine
release or increase of dopaminergic receptor activation in the
prefrontal cortex (Acquas et al. 2002). Further explanation
suggests that the antagonism of A2A receptor in the ventral
striatum (Kaasinen et al. 2004; Volkow et al. 2015) could
result in upregulation (Volkow et al. 2015) of dopamine D2/
D3 receptors. However, irrespective of the mechanisms re-
sponsible for increasing the expression of D2/D3 receptor
levels in the striatum, at doses typically consumed by humans,
increased dopamine release does not appear to occur (Solinas
et al. 2002; Volkow et al. 2015). Although upregulation of
dopamine receptors has been proposed in this study as a pos-
sible mechanism for withdrawal effects, an alternative hypoth-
esis might be also considered; the acute effects of caffeine
could be linked to a modification in the bioavailability or
susceptibility to stimulation of receptors that would result
from a change in the tertiary structure of the protein, since
dopamine and adenosine receptors are found to be associated
as heterodimers in the membrane (Ferré et al. 2007; Trifilieff
et al. 2011). Comprising an interval of hours, a possible acute
consequence of caffeine action could be a specific upregula-
tion of D2 receptors (Volkow et al. 2015), probably linked to
membrane externalization of the catalytic receptor domain.
However, in observance of the high concentration of adeno-
sine A2A receptors and interaction between A2A-D2 receptors
on the striatum, this may also be possible in the thalamus
(Kaasinen et al. 2004), which also expresses D2 receptors
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(De Manzano et al. 2010). The thalamus is described as being
involved in global phenomena linked to excitement, to sense
of reward and to attention. With a possible blocking effect of
adenosine on the thalamus, we would have a thalamic addi-
tional effect of increasing the cascade of events mediated by
D2 receptors (Kaasinen et al. 2004).

Caffeine is also believed to decrease activation of striatal
A2A receptors which are related to an increase of cyclic AMP
intracelular levels in GABAergic neurons of the striatum
(Daly and Fredholm 1998). Since A2A receptors in these neu-
rons could be co-expressed in heterodymers with D2 dopa-
mine receptors, and considering an antagonic activity of A2A

receptor activation on D2 receptor bioavailability at the mem-
brane (Volkow et al. 2015), caffeine would exert an indirect
action increasing the coupling of dopamine with the receptor
site, and, thus the activation of D2 receptors (Volkow et al.
2015).

According to Ferré (Ferré 2016), a fine regulation of dopa-
mine receptors is achieved by the existence of A2A-D2 recep-
tor heteromers, which promote very detailed reciprocal ac-
tions between adenosine and dopamine neurotransmitters.
This fine tunning may modulate the firing of GABAergic
striato-pallidal cells. More specifically, if the balance tilts to
A2A in detriment of D2 receptor signaling, one could observe
an increment of neural firing rate mediated by adenylyl cy-
clase and by allosterically induced modulation of D2; on the
contrary, if stimulation favors D2 rather than A2A receptor, the
primary effect might result in a diminished cell firing rate and
an antagonistic-like effect in A2A receptor activity, due to the
counterbalanced action of these two receptors (Ferré et al.
2016). A rational for this regulation is given by previous ex-
periments, in which the magnitude of adenosine receptor ag-
onists potency suggested a specific antagonistic balance con-
sidering A2A and D2 receptors (Ferré et al. 1991a). This author
also states that Bthe accumulated knowledge about the func-
tion of the striatal A2A-D2 receptor heteromer demonstrates
that it is a main target for the psychomotor activating effects
of caffeine^ (Ferré 2016).

The controversies regarding caffeine action at molecular
levels on this scenario of action are still little elucidated.
Considering global mechanisms of action of caffeine, while
some findings point to an increased effect of dopamine on D2/
D3 receptors on the ventral striatum (Volkow et al. 2015) (as-
sociated with a general excitatory effect, which includes im-
provement in attention and decreased fatigue), other findings
did not find any correlation between this excitatory and pos-
sible plastic modifications in the striatum (Kaasinen et al.
2004).

In summary, here we point out that we find a controversy in
caffeine literature about putative mecanisms of action related
to addiction and reward. At higher doses, caffeine seems to
cause an increase in dopamine at synaptic clefts; in usual
doses, it seems to enhance dopamine efects by a mechanism

that could indirectly involve both an increase in bioavailability
and/or an upregulation of dopamine membrane receptors
(Volkow et al. 2015). We hypothesize here that there is less
probability of an upregulation process ocurring very acutely
(1–2 h) after dosing, since upregulation studies (Peng et al.
1994) are performed at a minimum of 10 to 24 hours after
nicotine treatment (Gopalakrishnan et al. 1997). Focusing on
D2 receptors, we highlight here a classical effect of haloperi-
dol (a D2 blocker) in D2 upregulation, which in cats are stud-
ied in a matter of 1 at 3 weeks (Ginovart et al. 2009).

Another possible mechanism by which caffeine produces
its motor and reinforcing effects is by inhibiting the (pre- and
postsynaptic) blockade that adenosine imposes on dopaminer-
gic neurotransmission in dendritic spines located on the stria-
tum. By also targeting other type of heterodymers, now the
A1-A2A heteromers in glutamatergic terminals and by affect-
ing A1 receptors in dopaminergic terminals (presynaptic
brake), and caffeine could induce both glutamate-dependent
and glutamate-independent release of dopamine. These pre-
synaptic effects of caffeine are potentiated by the inhibition of
the postsynaptic brake imposed by antagonistic adenosine-
dopamine receptor-receptor interactions in the A2A-D2 and
A1-D1 receptor heteromers (Ferré 2010).

Taking account this view, we may argue that, when chron-
ically ingested at higher doses, caffeine could lead not to an
upregulation or to a better membrane exposure of dopamine
receptors as proposed for acute action, but to a delayed effect
of dopamine receptor downregulation of, which could be re-
lated to the observed systemic tolerance in chronic user. This
caffeine action, however, is supposed to be indirect, since its
direct binding are described not in dopamine, as demonstrat-
ed, but in adenosine receptors. Through an indirect stimula-
tion of dopaminergic pathways, downregulation of dopamine
receptors linked to drug tolerance could thus emerge as a
probable consequence. We emphasize that a possible upregu-
lation in dopamine receptors which can occur in the first hours
after intake, as previouslly proposed (Volkow et al. 2015), do
not preclude the occurrence of a downregulation mechanism,
as considered here, in these receptors, but now comprising a
wider chronic use, including weeks or months. This mecha-
nism could be useful to explain much of the tolerance effects
described by seminal studies (Ginovart et al. 2009) and by
clinical compendiums, such as the DSM-V.

Caffeine effects on mesolimbic system

It has been hypothesized that changes occurring in the nucleus
accumbens, due to the presence of drugs of abuse, are related
to the general abuse of these drugs, regardless of their specific
mechanism of action (Nehlig and Boyet 2000). By contrast,
studies have shown that acute caffeine administration does not
cause increased levels of dopamine in the shell region of the
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nucleus accumbens (De Luca et al. 2007). There is only in-
crease at these levels with very large amounts of caffeine, equiv-
alent to five folds normal daily human consumption. In addition,
when there is activation of the shell part of the nucleus accum-
bens with this amount of caffeine, there is also activation of other
brain regions, which does not occur in the administration of other
drugs of abuse such as amphetamine, cocaine, and nicotine
(Nehlig 1999). Other studies, however, report that there is an
increase in dopamine concentrations in the nucleus accumbens,
but they do not behave in the sameway as the increase caused by
other drugs of abuse, such as amphetamine and cocaine (Solinas
et al. 2002). Because of these differences, caffeine cannot be
considered a typical drug of abuse (Solinas et al. 2002).

A relevant study by De Luca et al. (2007) (also detailed in
Table 1) showed that, in a paralell manner with some descrip-
tions in humans, microdialysis studies performed in the rat nu-
cleus accumbens, after intraperitoneal administration of different
doses of caffeine, show no increase in dopamine concentrations.
This study also proposes the investigation of dopamine concen-
trations in the prefrontal cortex, where, interestingly, they ob-
served a significant increase in dopamine after caffeine admin-
istration. That work also brings the plausible hypothesis that this
increase of dopamine in the nucleus accumbens showed by some
other studies may have occurred due to contamination with the
dopamine of the prefrontal cortex itself (De Luca et al. 2007). In
addition, in a similar experimental condition, it was reported that
at lower doses, which may reflect those normally consumed by
humans, caffeine does not cause an increase in dopamine in the
nucleus accumbens (Nehlig and Boyet 2000).

QUARTA et al. 2004 (see Table 1) observed that apparent-
ly there is an increase in dopamine levels in the shell of the
nucleus accumbens after the acute intraperitoneal administra-
tion of caffeine at doses ranging from 10 to 30 mg/kg (Quarta
et al. 2004). These reported doses of caffeine are much higher
than the average normal human consumption, even if we com-
pare it to a rodent whose metabolic rates are usually higher
than humans (Caldwell et al. 2004; Atanasov 2007).
Following the administration of caffeine at the dose of
3 mg/kg, which would be close to the average human con-
sumption reference values, QUARTA’s report (Quarta et al.
2004) finally reveals that they would not expect such increase
of dopamine in nuccleus accumbens.

The work of ACQUAS et al. (Acquas et al. 2002) showed in
details the effects of distinct doses of caffeine when administered
intravenously (0.25 mg/kg, 0.5 mg/kg, 1 mg/kg, 2.5 mg/kg, and
5 mg/kg), in the rat nucleus accumbens (shell and core) and in
the prefrontal cortex, measured by microdialysis. The results go
in the same direction of the previously cited ones: there is no
increase of dopamine in the nucleus accumbens (shell and core)
at any caffeine doses administered; however, there is an increase

of dopamine in the prefrontal cortex at all doses used, except to
the lower dose. The authors then tested caffeine administration
intraperitoneally at doses ranging from 1.5 to 30 mg/kg and they
did not find any increase in dopamine levels in the nucleus
accumbens (Acquas et al. 2002) (see Table 1).

However, at higher doses, caffeine seems to increase the
release of dopamine and glutamate in the nucleus acumbens
and the dorsal striatum (caudate-putamen), respectively,
which in turn could generate psychostimulatory effects
(Solinas et al. 2002; Ferré 2016); in parallel, at lower doses,
caffeine seems to modulate the activity of VTA (Ventral
Tegumentar Area) (Stoner et al. 1988). On the other hand,
another study (Acquas et al. 2002) points out that caffeine
was described to modulate the prefrontal cortex by modula-
tion of dopamine/acetylcholine concentration increase, but it
does not have any direct relationship with the increased dopa-
mine release found in Nacc (Nucleo Accumbens). Also, those
authors suggested that tolerance to the effects of caffeine is
linked to A1 antagonism effects (Quarta et al. 2004).

Evaluating caffeine as a potential drug
of abuse

In order to address the main question, if caffeine can be or not
considered a drug of abuse, we consider here two main sets of
criteria for characterization of what is a drug of abuse. The
first is a preclinical and pharmacological-based set of criteria.
A given drug of abuse can potentially activate directly or
indirectly the mesolimbic reward pathway, and influence ac-
tivity of dopamine receptors in related structures. The second
way is the symptom-based set of criteria for classifying a drug
of abuse, described in clinical studies and on DSM-V.

We proposed here to highlight the definition of some terms,
in DSM-Vrelated to drugs of abuse, in order to better illustrate
this topic so-called dependence and abstinence. These defini-
tions were based on the Diagnostic and Statistical Manual of
Mental Disorders-V (DSM-V) from American Psychiatric
Association. The DSM is a manual that describes all mental
disorders of adults and children. In DSM-V (American
Psychiatric Association 2013), there is a detailing of the major
topic BSubstance-Related and Addictive Disorder.^ Despite
including caffeine-related disorders in the topic of substance-
related disorders, this manual clearly defines that diagnosis of
addiction can be applied to a range of substances other than
caffeine and the generic criteria require that only two of the 11
criteria are required for a diagnosis (Budney et al. 2015). For
the first time, in DSM-V, the potential clinical significance of a
troublesome syndrome caused by habitual heavy use of caf-
feine was included in the text (see section III: conditions for
further study) (American Psychiatric Association 2013)
(Budney et al. 2015). Taking a closer look at caffeine abuse,
we realized that the description of this disorder differs from
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the methodological schemas of other substance use disorders.
All other substance disorders, except caffeine abuse, include
the same generic criteria, but also require the observation of
the three most clinically relevant points for diagnosis: (1) re-
peated unsuccessful attempts to stop or reduce, (2) abstinence,
and (3) continued use despite the damage (Budney et al. 2015).

DSM-V manual does not differ between diagnoses be-
tween substance abuse and dependence. Instead, it highlights
criteria for classifiying substance use disorders, and this clas-
sification is accompanied by criteria for intoxication, with-
drawal, substance-induced disorders, and non-specified-
related disorders, when relevant.

Returning to DSM-V definitions, here we highlight the
terms Babstinence^ and Btolerance,^ closely related to drug
abuse and dependence. As found in DSM-V, Btolerance is
signaled when a markedly greater dose of the substance is
required to achieve the desired effect or when a markedly
reduced effect is obtained after consumption of the usual
dose.^ Tolerance can be difficult to determine from history
alone, and laboratory tests may be helpful (for example, ele-
vated levels of the substance in the blood with little evidence
of intoxication suggest a good chance of tolerance). Tolerance
should also be recognized from individual variation in initial
sensitivity to the effects of specific substances (American
Psychiatric Association 2013).

Abstinence is a syndrome that occurs when concentrations
of a substance in the blood or tissues decrease in an individual
who has maintained prolonged intense use. After developing
withdrawal symptoms, the individual shows a trend towards
to consume the substance to alleviate them. Abstinence symp-
toms vary greatly from one class of substance to another, and
distinct sets of abstinence criteria are provided for drug clas-
ses. Marked physiological signals, and usually easy to gauge,
are common with alcohol, opioids and with sedatives, hyp-
notics, and anxiolytics. Signs and symptoms of withdrawal
from stimulants (amphetamines and cocaine), as well as to-
bacco and Cannabis, are often present, but are less visible. No
tolerance or withdrawal is required for a substance use disor-
der diagnosis. However, in most substance classes, prior with-
drawal history is associated with a more severe clinical course
(earlier onset of substance use disorder, higher levels of sub-
stance use, and a greater amount of substance-related prob-
lems) (American Psychiatric Association 2013).

Substance-related disorders, in general, according to DSM-
V, are based on a pathological behavioral cluster, grouped
under social deterioration, risk under use, dependence, phar-
macological actions and abstinence but can be reversed with
targeted interventions. The diagnosis is performed according
to patterns related to its specificities. Symptomatic behaviors
were clustered in some criteria, thus assessing the severity of
the condition, as follows.

Criteria 1–4 are marked by low control of drug use. The
user may consume the substance in larger quantities or inT
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larger time durations (criterion 1). The individual may dem-
onstrate persistent desire to reduce or regulate substance use
andmay report a number of unsuccessful efforts to decrease or
discontinue use (criterion 2). The individual can spend a lot of
time getting the substance, using it or recovering from its
effects (criterion 3). Specifically, in some cases of more seri-
ous disorders due to substance use, practically all the daily
activities of the user revolve around the substance. The indi-
vidual may manifest craving, through an intense desire or
need to use the drug that may occur at any time, but more
likely within an environment where the drug was previously
obtained or used (criterion 4). It has also been shown that
craving involves classical conditioning and is associated with
the activation of specific reward brain structures.

Criteria 5–7 refer to social prejudice. Intermittent use may
result in failure or disruption of daily activities (criterion 5).
The individual, even with apparent interpersonal troubles
caused or potentiated by the substance, continues its use
(criterion 6). Activities, whether recreational, social, aca-
demic, or professional, may be discontinued or restricted
with use (criterion 7).

The risk under use is related to the next criteria 8–9.
Recurrent use can influence scenarios that pose a risk to
individual’s physical integrity (criterion 8). The individu-
al, even recognizing the physical or psychological damage
caused or potentiated by the substance, persists on its
consumption (criterion 9).

Finally, the the criteria 10–11 focus on pharmacological
bases of tolerance and abstinence; tolerance is observed when
the drug effects are markedly reduced with the usual dose or,
when the dose is highly elevated to achieve the desired effect
(criterion 10). Abstinence is affected by the decrease or lack of
substance in the tissues of individuals who have maintained
their prolonged use and, at the first signs of discomfort, the
user will tend to consumption for their relief (criterion 11).

In particular, the concurrent syndrome associated with sub-
stance use has specific diagnostic criteria according to its na-
ture. In general, behavioral, physiological and/or evident cog-
nitive changes characterize the first criterion (criterion A).
Manifestation of clinical signs followed after 1 to 3 days after
cessation of consumption defines second criterion (criterion
B). The syndrome also may cause clinical suffering and/or
impairment in its usual activities (criterion C). The symptoms
are not substantiated by intoxication/withdrawal by another
substance (criterion D).

The intoxication caused by drug abuse at a time sets the
boundary between desired and adverse effects. Intoxication
criteria are defined in following lines. The main characteristic
of drug intoxication is the manifestation of a reversive syn-
drome after its consumption (criterion A), being this specific
for each substance. The manifestations of clinical signs which
are associated to central nervous system (CNS) usually arise
between consumption and the end of use (criterion B). The

syndrome causes clinical suffering and/or impairment in the
individual usual activities (criterion C). The symptoms are not
substantiated by intoxication/withdrawal associated to another
substance (criterion D).

In summary, these are criteria related to general drug
abuse defined by DSM-V. Since DSM-V is a huge psy-
chiatric reference for diagnoses all over the world, here
we based the appointments of DSM-V related to caf-
feine abuse in order to compare with existing data of
experimental research in the field.

Following those steps, recent research has pointed to the
potential for caffeine dependence and abstinence. It is known
that dependence on caffeine is not only observed in people
who are high caffeine consumers, but also in those who have
below-average consumption (Juliano et al. 2012). Caffeine
intoxication occurs during or after its chronic consumption,
usually in a daily perspective. According to DSM-V, symp-
toms include restlessness, nervousness, excitement, insomnia,
facial flushing, diuresis, and gastrointestinal complaints,
which may occur with low doses (200 mg) in sensitive indi-
viduals such as in children, in the elderly, or in individuals
who have never been exposed before. The drug symptoms that
usually appear at doses greater than 1 g/day of caffeine inges-
tion include thoughts and speechwith erratic flow, tachycardia
or cardiac arrhythmia, increased energy, and psychomotor ag-
itation (American Psychiatric Association 2013). It has been
observed that regular consumption of higher doses of caffeine
leads to high levels of dependence (Juliano et al. 2012).
According to Koppelstaetter et al. (see Table 2), the acute
intake of caffeine in humans is related to the activation in
the medial frontopolar cortex and right anterior cingulate gy-
rus (Koppelstaetter et al. 2008); its neuroexcitatory action gen-
erally involves attentional actions, modulating also a deacti-
vation of regions considered nodes of the default mode net-
work (DMN), related to introspective thinking (not implied in
specific tasks) (Park et al. 2014). Although not yet elucidated,
apparently there is an increase in the bioavailability of dopa-
mine D2/D3R receptors, caused by the antagonistic action of
caffeine on adenosine A2A receptors (in this case, adenosine
and dopamine heterodimeric receptors) (Volkow et al. 2015).
This antagonic effect in A2A, according to the authors, may
occur without necessarily involving an increase in dopamine
release, but making possible a greater activation of dopami-
nergic receptors within the thalamus, linked to the increase of
its bioavailability in the cellular membrane (possibly related to
a greater exposure to the catalytic site to the binding molecule)
(Kaasinen et al. 2004).

Based on all the generic criteria for disorders, intoxication
and withdrawal presented by the DSM-V, a comparative table
presenting the main experimental and clinical findings (cate-
gories A, B, C, D), as cited inmethods section, was constructed
in order to compare human experimental data to the main def-
initions of symptoms related to regular caffeine consumption.
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As presented in the Table 3, with the exception of Juliano
et al., the experimental studies conducted in humans do not
contain or describe the two main DSM-V criteria, wich are
abstinence and tolerance. Possibly, literature in the field is
much more focused on the neuropharmacological processes,
rather than on symptomatic observation and its consequences
for the social field from the point of view of the user, which is

the focus of DSM-V.We highlight that in studies with animals,
for this propose, we considered only the signs of intoxication
or withdrawal. Thus, there is a lack of correspondence when
we compare clinical-based description of DSM-V and exper-
imental human research related to caffeine addictive effects.

Caffeine consumption at lower to moderate doses produces
several positive subjective effects (Evans and Griffiths 1992;

Table 2 Main experimental papers conducted in humans using clinical
observation and neuroimaging techniques. From left to right, the first
column describes the authors, year, and score classification; the second
column, the main employed techniques and clinical trial type; the third

column, the drugs, routes, treatment scheme, and applied doses. Finally,
right column describes in summary the main findings and postulates in
each work. Here, only 9 from a total of 20 references used in the tables
were used starting from selection methods described in Fig. 1

Authors-year-score Main techniques Drugs/treatment/via Main findings and postulates

Griffiths and
Woodson 1988a B

Interview and
observation/controlled

Caffeine 100, 200, 400, and
600 mg (ingestion)

Caffeine can act as a positive reinforcer in normal subjects and in
subjects presenting withdrawal-related behaviors, revealing
individual vulnerability differences in to this effect. Postulate:
caffeine can induce withdrawal effects

Evans and Griffiths
1992 B

Interview and
observation/controlled

Caffeine 100, 200, and
300 mg (ingestion)

Tolerance development to the subjective effects of caffeine.
Postulate: caffeine can act on tolerance brain mechanisms

Rogers et al. 1995 A Interview and
observation/controlled

Drinks containing 70 mg
caffeine or non-caffeinated

Caffeine reinforcement can occur as the result of overnight
caffeine abstinence (negative reinforcement), but
reinforcement can occur independently of caffeine withdrawal.
Postulate: caffeine, when ingsted chronically, can induce
withdrawal behaviors

Schuh and Griffiths
1997 A

Interview and
observation/controlled

Caffeine 218 to 500 mg
(ingestion)

Changes in several subjective effects, which are indicative of
caffeine withdrawal. Potulate: caffeine can induce withdrawal
behaviors and act on withdrawal-related mechanisms

Juliano et al. 2012 B Observation/retrospective NA Findings: there are indications that caffeine in soft drinks induces
self-administration in individuals, maintaining high rates of
dependence, Postulate: caffeine dependence should be recog-
nized as a clinical syndrome and effective treatments should be
developed

Koppelstaetter et al.
2008 B

FMRI/controlled Caffeine 100 mg (ingestion
20 min before exercise)

Finding: caffeine ingestion led to activation in bilateral medial
frontopolar cortex, extending to the right anterior cingulate.
Postulate: this brain activity modulation is mediated primarily
byA1 receptor antagonism, leading to a neuroexcitatory action,
in specific brain regions involved in executive and attentional
functions

Park et al. 2014 B FMRI and PET
scan/controlled

Caffeine ingestion: 200 mg;
atention task (FMRI) and
rest (PET scan)

Findings: caffeine ingestion was followed by an increase of
task-driven attention and alertness accompanied by an activa-
tion of cerebellum, putamen, insula, thalamus, and right pri-
mary motor area, thus altering the level of attention and mod-
ulating brain deactivation in regions of default mode network.
Caffeine led to increased cognitive control, related to activation
in attention systems and not to motor or visual function.
Postulate: this effect can be attributed to a differentiated release
of dopamine in basal ganglia

Volkow et al. 2015 A PET scan/controlled Ingestion caffeine (300 mg) Findings: significant increase in D2/D3R availability in striatum
with caffeine administration, without increase of dopamine.
Postulate: the effects of caffeine on the human brain are
indirect and mediated by an increase in D2/D3R levels and/or
changes in D2/D3R affinity

Kaasinen et al. 2004
B

PET scan/behavioral
measurements/controlled

Caffeine ingestion 200 mg Findings: suggest that an A2A antagonist caffeine increases D2

binding in the ventral striatum without any significant effect in
the dorsal striatum. Postulate: the findings indicate that a single
oral dose of 200 mg of caffeine induces bilateral decreases in
[10 C] raclopride binding potential, indicating the release of
dopamine, into the thalami of healthy abstinent caffeine users
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Pardo Lozano et al. 2007), such as an increase in well-being,
arousal, and sociability (Striley et al. 2011). Such effects are
more related to emphatic attitudes within the context of the
first daily dose of caffeine, and a plausible hypothesis would
be that, in people with regular consumption, an enhanced em-
pathy may occur because the individual has been on with-
drawal since the day before, so that consumption works as a
reversal of negative symptoms of caffeine, as headache, tired-
ness/fatigue/anxiety (Meredith et al. 2013).

The reinforcement criterion is linked to a mechanism that
leads to an increase in the probability of administering a pre-
viously used drug in the future (Meredith et al. 2013) and
maintaining behavior on which the delivery of drug is depen-
dent (Griffiths et al. 1979). This mechanism is mainly respon-
sible for the dependence and consumption pattern of the sub-
stance (Meredith et al. 2013). Caffeine is considered a con-
sumption booster drug in both humans and animals, since the
consumption of low to moderate doses increases the chances
of new use (Pardo Lozano et al. 2007). When compared to the
reinforcement produced by caffeine and the reinforcement
produced by other psychostimulants, such as cocaine and am-
phetamines, it is perceived that the reinforcement for the use
of caffeine is less intense (Meredith et al. 2013) or it can be
also related to self-administration under a more narrow range
of parametric conditions (Griffiths and Woodson 1988c).

This reinforcement effect becomes more clear in a study
involving baboons (Griffiths et al. 1979) which illustrates the
differentiation of the reinforcing effect between caffeine and
cocaine. This study revealed that, at some of the tested doses,
auto-administrated caffeine maintained steady or erratic daily
patterns of self-injection in all experimental animal baboons
(Griffiths et al. 1979). However, this work also indicates that
caffeine does not influence self-administration behavior with
the same predictability seen in classic drugs of abuse, only

induced a performance level of this behavior above the range
of active drugs (including the amphetamine analog) (Griffiths
and Woodson 1988c).

In addition, Evans and Griffiths demonstrated that the sub-
jective responses to caffeine and placebo differed between
those subjects who chose caffeine and those who chose pla-
cebo (Evans and Griffiths 1992). In caffeine choosers, when
compared to placebo, caffeine produced positive subjective
effects in choosers. In contrast, caffeine produced Bnegative^
subjective effects in non-choosers, relative to placebo (Evans
and Griffiths 1992). On the other hand, placebo produces neg-
ative effects in choosers, which is an additional evidence of
withdrawal effect caused by this substance (Evans and
Griffiths 1992). Thus, we can observe that physical depen-
dence can potentiate the reinforce effects of caffeine
(Griffiths and Woodson 1988c; Striley et al. 2011). In addi-
tion, both positive and negative effects may contribute to reg-
ular and habitual use that can potentially result in excessive
consumption, and difficulty in stopping caffeine use (Budney
et al. 2015), and caffeine reinforcement can occur as the result
of the adverse effects caused by abstinence (Rogers et al.
1995). These subjective effects described this work are con-
sistent with the common reported effects of withdrawal (worn
out, headache, and flu-like feelings and decreased ratings of
alert and well-being) (Schuh and Griffiths 1997). Some evi-
dence suggests that symptoms may emerge later (less than
24 h) from higher doses (e.g., 900 mg/day) of caffeine
(Evans and Griffiths 1992). The fact that subjects preferred
forfeitng money and, by consequence, avoiding placebo to
ingest caffeine, corroborates the pharmacological criteria in
DSM-V defined for the identification of the substance use
disorder: subjects exhibit withdrawal symptoms due to dis-
continuation or reduction of their intense and prolonged use
(American Psychiatric Association 2013).

Table 3 Examination of main caffeine pharmacological actions in
human research in the light of criteria defined in DSM-V. Here, we
placed main experimental data obtained in both humans and caffeine
intake animal models in which symptomatological criteria defined in
DSM-V can be observed. From left to right: first column describes the
article authors/year and reliability index (A-D), second and third columns

indicate if intoxication or withdrawal symptoms are observed in the ex-
perimental study, and finally, fourth column expresses if generic criteria
can be noticed (criteria 1–4 low control, 5–7 refers to social prejudice, 8–
9 to risk under use, and 10–11 to pharmacological bases of tolerance and
withdrawal). NA means not applied

Authors/year/score Intoxication Withdrawal Generic criteria

Kaasinen et al. 2004 B NA NA NA

Griffiths and Woodson 1988a B NA Criteria A, B, C, D NA

Evans and Griffiths 1992 B NA Criteria A, B, C, D NA

Rogers et al. 1995 A NA Criteria A, B, C, D NA

Schuh and Griffiths 1997 A NA Criteria A, B, C, D Criterium 4

Juliano and Evatt 2012 B Criteria A, B Criteria A Criteria 1–4; 8–9; 10–11

Park et al. 2014 B NA NA NA

Koppelstaetter et al. 2008 B NA NA NA

Volkov et al. 2015 A NA NA NA
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Another important study provided suggestive results
(Griffiths and Woodson 1988a) that a component of caffeine
withdrawal syndrome can be detected in subjects with relative-
ly low levels of dietary exposure to caffeine (Griffiths and
Woodson 1988b). These withdrawal symptoms in susceptible
subjects appear to begin within only at 12–24 hours after caf-
feine intake (Juliano and Griffiths 2004). In this study, individ-
uals were on caffeine abstinence for 7 days, showed no with-
drawal effects after a single day of exposure to caffeine
(300 mg/day) (Evans and Griffiths 1999). However, significant
withdrawal symptoms occurred after three consecutive days of
caffeine admistration, with somewhat greater severity demon-
strated after 7 and 14 consecutive days of exposure (Juliano and
Griffiths 2004). Another interesting finding revealed that
rats which had previously received injections of caffeine
on each of 12 days avoided a novel solution which had
been associated with the aversive properties of absence of
caffeine in rats repeatedly exposed to caffeine and suggest
that physiological withdrawal (Vitiello and Woods 1977).
In humans, an increase in preference showed for caffein-
ated drinks associated with negative effects of overnight
caffeine abstinence (Rogers et al. 1995).

Although caffeine tolerance mechanism has not been well
characterized, Griffiths and colleagues (Evans and Griffiths
1992) demonstrated the tolerance effects, comprising subjec-
tive effects, of caffeine in moderate consumers (mean =
343 mg/daily). Griffths and colleagues (Evans and Griffiths
1992) evidenced clear tolerance effects, in a very innovative
work comprising continuous caffeine administration at three
different phases to moderate users. They observed that mod-
erate caffeine consumers that chose caffeine consumption (for
3 days) over placebo and continued to receive caffeine for
18 days disclosed an additional preference for caffeine over
placebo after this last period, and a reduction of tension, anx-
iety, headache, confusion and bewilderment, and fatigue when
compared to non-choosers (Evans and Griffiths 1992).

After regular consumption of caffeine, a phenomenon
known as tolerance may occur (Pardo Lozano et al. 2007).
Tolerance to a drug occurs when the normally used dose no
longer causes the same subjective, psychological, and behav-
ioral effects as previously caused in the individual, so a higher
dose is required to restore equivalent symptoms (Mandel
2002). It is very relevant to observe that tolerance occurs only
in higher doses of daily caffeine consumption, that is, from
400 to 1200 mg/day (Meredith et al. 2013). Tolerance, al-
though it lasts while there is constant consumption of the drug,
usually dissipates after about 3 days of interruption of con-
sumption, when there is resensitization (Striley et al. 2011).

A clarifying experimental study (Koppelstaetter et al.
2010) used 15 individuals, moderate caffeine users, abstinent
for at least 12 hours to observe verbal work memory. Subjects
underwent magnetic resonance imaging for 2 days after con-
sumption of 100 mg of caffeine. Activation was observed in

the frontopolar medial cortex in both cerebral hemispheres,
which extended to the anterior cingulate cortex. The
frontopolar medial cortex integrates the prefrontal cortex,
since the cingulate cortex is strictly connected to the prefrontal
cortex, so that they modulate one another, so the caffeine
present in one of these areas can influence the other.
Frontopolar prefrontal cortex plays a role in planning, moni-
toring, and problem-solving functions. And the anterior cin-
gulate cortex has a role in motivated attention, attention allo-
cation, and error detection (Koppelstaetter et al. 2010).

Another research study examines physiological cues of the
effects of caffeine during an attention task where patients
needed to be alert. Fourteen volunteers were recruited who
had abstinence for at least 12 h (Koppelstaetter et al. 2008).
Thus, two imaging tests were performed, one before and the
other after controlled consumption of caffeine. Increased ac-
tivity was observed in the following brain regions: left cere-
bellum, basal nuclei (including the putamen, thalamus and
insula) and right precentral gyrus. In contrast, there was a
reduction of magnetic activity in the response of the ventro-
medial prefrontal cortex, the posterior medial cortex, and the
left posterior lateral cortex. This evidence shows that there is
an induction of cognitive control, especially related to atten-
tion, and in motor and visual functions (Park et al. 2014).

Other study addressed the same basic technique and
was based on the observation of nine caffeine-abstinent
individuals, in which researchers observed brain activity
30 min after oral consumption of 200 mg of caffeine. The
PET scan was used for 40 min after injecting 5 mCi of F-
FDG into the subjects while in the scanner. They observed
that caffeine intake leads to a decrease of activity in the
motor cortex (Park et al. 2014).

Considering the scientific findings of humans and animals,
we suggest that the habitual use of caffeine could lead to a
sense of reward for a preponderant route, which would be
more directly linked to the activation of the mesocortical path-
way, acting in the prefrontal cortex, than to a possible increase
of dopaminergic activity in the mesolimbic pathway (linked to
activity in the nucleus accumbens). The main action of caf-
feine would involve an activation of areas related to motor
planning and control, having observable effects of increased
wakefulness, decreased drowsiness and fatigue relief (Striley
et al. 2011). This set of caffeine actions, especially for its
cortical activation, would lead to a sharply increased focus,
more productivity and perception of the reality of the present
moment, consequently promoting improvement in working
memory (Koppelstaetter et al. 2008, 2010). Taking this into
account, mainly in situations of stress or sleep, where a faster
performance improvement is needed, individuals could feel
more comfortable and productive. The sense of improvement
in task execution and information processing could then pro-
vide a sense of reward and pleasure indirectly; individuals,
rewarded for increased productivity from caffeine activity in
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the prefrontal cortex, would have a tardive and discrete in-
crease in the release of dopamine in mesolimbic brain centers
such as nucleus accumbens, and related to this, a light sense of
pleasure as consequence.

The mechanism of action of caffeine, therefore, would be
slightly different from that known for classical drugs of abuse.
Experimental human research indicates that caffeine has a
more prominent action in the prefrontal cortex and may prob-
ably be more directly linked to the mesocortical dopaminergic
route than the classical, addiction-related, mesolimbic dopa-
minergic pathway.

Concluding remarks

Considering the analysis of relevant experimental research in
caffeine abuse, and its comparison with DSM-V, we conclud-
ed that caffeine can be considered a drug of abuse, with the
special characteristic of possible auto-regulatory effects occur-
ring when higher doses are ingested. In particular, the view of
caffeine as an abuse drug is better supported when we consid-
er the symptoms observed by chronic users who report an
ingestion of caffeinated beverages per day, starting from 100
to 200 mg of caffeine when compared to placebo ingestion,
100 mg produced significant increases in subjective positive
effects (i.e., content/at ease/relaxed/satisfied and active/stimu-
lated/energetic) and decrease in negative effects (i.e., tired/
drowsy/half-awake) (Griffiths and Woodson 1988a; Griffiths
et al. 1990; Juliano and Griffiths 2004).

Studies in humans and animals step to a confluence: they
both report an action of the drug directed to species-related
encephalic structures. These structures are linked to increased
alertness, attention, and better control of motor activity. In
both humans and rats, there is no robust evidence for a main
action of direct general stimulation of the main structure at-
tached to the sensation of pleasure, the nucleus acumbens, or
structures specifically linked to emotional processing such as
the amygdala, but there are some important reports for an
action of this molecule in the striatum. Therefore, we propose
here that, in parallel to an indirect stimulator of dopamine at
rewarding brain pathways, at least one of the reinforcement
mechanisms is probably due to the increase in performance,
and the improvement of the attention and motor processes of
individuals. Downregulation processes of receptors and other
mechanisms of adaptation in a situation of chronic consump-
tion of caffeine need further studies to be better elucidated.

Findings among studies illustrated that individuals reported
multiple caffeine use disorder symptoms, including persistent
desire for consumption or unsuccessful efforts to cut down or
control caffeine use (Juliano et al. 2012). These studies also
confirm the specific criterion for Blow control,^ that is contin-
ued use despite harm, and points, to another guiding criterion,
that is Brisky use of substance,^ in which the individual fails to

refrain from using the substance. Experimental works also
base pharmacological (American Psychiatric Association
2013) and withdrawal criteria (Evans and Griffiths 1992;
Schuh and Griffiths 1997; Daly and Fredholm 1998; Nehlig
1999; Dews et al. 2002; Juliano et al. 2012) although excessive
and problematic caffeine use has not been associated with se-
rious medical consequences such those observed with alcohol
or tobacco use (Budney et al. 2015); on its singularity, exces-
sive caffeine use and abrupt withdrawal are in general associ-
ated with increased anxiety, insomnia, headache, drowsiness,
and fatigue (Stringer andWatson 1987; Griffiths andWoodson
1988b, c; Griffiths et al. 1990; Evans and Griffiths 1992; Strain
and Griffiths 1995; Dews et al. 2002; Juliano and Griffiths
2004; Juliano et al. 2012). Therefore, we point to a need for
more clinical studies in the field, to possibly identify specific
susceptibility factors for caffeine abuse within the population.

In general, this review evaluates relevant criteria that may
give pharmacological significance to caffeine, one of the most
consumed stimulants in the world. At doses typically con-
sumed, caffeine acts as an adenosine A2A receptor antagonist
(Daly and Fredholm 1998; Solinas et al. 2002; Quarta et al.
2004; Ferré 2010; Volkow et al. 2015) and, in sequence, an
increase in dopamine D2 receptors bioavailability (Kaasinen
et al. 2004). But in relevant studies, there is no increase in
dopamine in the nucleus accumbens (Acquas et al. 2002; De
Luca et al. 2007) an important pathway of reward and recog-
nized by the neuroadaptations associated with the phenotype
of dependence (Volkow et al. 2015). This aspect possibly ex-
plains the poor characterization of caffeine addiction by clas-
sical action on the reward system, and, as a consequence, if we
consider nucleus accumbens activation as a critical parameter
for an abuse drug, we have some difficulty of considering
caffeine into this group, in spite of important studies showing
a striatal mechanism of indirectly enhancing dopamine D2

receptor-based neurotransmission (Ferré 2016; Dews et al.
2002; Volkow et al. 2015). Nevertheless, withdrawal-
related effects are described both in previous literature
and in DSM-V. In this sense, if we look at caffeine for
its side effects, related to tolerance and withdrawal, con-
sidering symptoms criteria, there is less doubt in consid-
ering caffeine a drug of abuse. Even though, this conclu-
sion might be taken carefully, since the DSM-V criteria
for dependence and withdrawal effects are still not widely
accepted or verified in traditional literature (see Table 3).

Based on these prior studies, here we propose that usual
daily caffeine doses could produce an acute, transient upregu-
lation of D2-dopamine receptor by antagonism of A2A-adeno-
sine receptors. We did not find specific studies showing the
time course of D2 receptor up/downregulation within the cellu-
lar membrane. Nevertheless, there are studies in which nicotine
exposure in a regular basis, which is an abuse drug, is used to
produce locomotor sensitization, and leads to a transient upreg-
ulation of ach-nicotinic receptors in VTA (2 hours after a
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nicotine injection, but not 3 days) (Baker et al. 2013). Based on
the time of an up-receptor regulation of in reward system, we
can estimate that a possible upregulation of dopamine receptors
induced by caffeine could work in an analog time interval.

One study described the high concentration of adenosine
A2A receptors and interaction between A2A and D2 as hetero-
dimeric receptors on the striatum, thus opening the possibility
of a modulation exerted by adenosine ligands on dopamine
receptors; these authors believe that this may also be possible
in the thalamus (Kaasinen et al. 2004), which also expresses
D2 receptors (De Manzano et al. 2010). The thalamus is de-
scribed as being involved in global phenomena linked to ex-
citement, sense of reward and attention (Kaasinen et al. 2004).
With a possible blocking effect of adenosine on the thalamus
by caffeine, we would have a thalamic complementary effect
of increasing the cascade of events mediated by D2 receptors
(Kaasinen et al. 2004).

Based on these experimental works, and on the limited
intensity of abuse symptoms described in DSM-V, we propose
here that adenosine receptors may work as fine tunning regu-
lators of dopaminergic receptor activity, especially in the re-
ward pathways. This regulation could be within a strict, buff-
ered band of activity; thus, adenosine receptors could work as
Bpartial dopamine receptor modulators^ with an auto-limiting
characteristic of modulation. This possibility should be
adressed in future studies.

Using classical pharmacological definitions, abuse drugs
lead to increased brain activity and the specific release of
dopamine in the shell of the nucleus accumbens, the key struc-
ture for reward, motivation and dependence (Nehlig 1999).
However, usual caffeine doses that reflect daily human con-
sumption do not seem to induce the release of dopamine in the
shell of the nucleus accumbens, but probably are related to a
release of dopamine in the prefrontal cortex and
striatum,which is consistent with the enhancing properties of
caffeine in focus and performance (Nehlig 1999; Kaasinen
et al. 2004; De Luca et al. 2007; Volkow et al. 2015; Ferré
2016). Thus, caffeine, despite its ability to induce tolerance
and physical dependence, does not consistently induce all typ-
ical behavioral symptoms of classic abuse drugs. According to
DSM-V, only a part of symptoms are observed with caffeine
consumption: those related only to abstinence intoxication and
not to other neurocognitive disorders (American Psychiatric
Association 2013).

In a synthesis: considering pharmacological criterium,
some difficulty in classifying caffeine as an abuse drug relies
on a slightly different mode of action in the reward system
from that of classic abuse drugs, because it does not seem to
cause direct dopamine release in reward pathways, but can
indirectly influence dopaminergic receptor activity in the stri-
atum. In addition, dopamine pathways could be transiently
stimulated through an increase in bioavailability/
upregulation of dopamine D2 receptors heterodimerically

associated with adenosine A2A receptors in reward system;
also, it could induce a subtle, indirect reward sense
throughtout the stimulation of mesocortical pathway behav-
iorally associated to performance/focus enhancement (sup-
ported by animal end human experimental studies). On the
other hand, considering clinical, symptomatological criteria,
caffeine can fit in the drug of abuse group if we consider that
its consumption induces some of the most important behav-
ioral abnormalities which characterizes a drug of abuse, ac-
cording to DSM-V (such as erratic thinking flux or discourse,
psichomotor agitation, disphoric humor, irritability).

Recent studies have shown that caffeine has unique
psychostimulant characteristics that can enhance the effects
of other classical psychostimulants and all other abuse drugs
(Ferré 2016). This rational implicates in a need for a serious
reflexion in our society, especially concerning the use of caf-
feine and related adenosine psychostimulants, since they may
interact with other more pontentially hazardous drugs. The
mechanism underlying these effects goes back to the A2A-D2

receptor heteromer model in striatum. Thus, through the
blockade of the adenosine A2A receptor, caffeine leads to a
diminished influence of these receptors in D2 receptor activity,
resulting in an outcome of full D2-mediated activity. In terms
of behavior, this activity is associated with motor
psychostimulant effects. The effect centered in D2 activation
than can be synergically activated by other indirect dopamine
agonists, such as cocaine or amphetamine.

In spite of no specifical effect observed up to date in
humans, rodent experiments revealed that, in adolescent rats,
stimulant motor and tolerance effects are more pronounced
that it is in adults (Marin et al. 2011), indicating more proba-
bilistic dependence of caffeine in an associated to abrain still
under development (Rhoads et al. 2011). Considering that
adolescents are also more susceptible to classical drugs of
abuse than adult population, caffeine consumption in adoles-
cence and its potential relation to other dopaminergic drugs
should be a critical issue of future clinical related research.

We suggest that future DSM editions could define more
accuratedly criteria for defining caffeine abstinence and intox-
ication possibly by classifying them according to ponderate
weights and not only based on linear sum, as currently sug-
gested. Complementarily, the manual and its criteria do not
seem to be so much based on the experimental literature, since
drug abuse descriptions are generally focused on clinical
symptoms rather than on neural and pharmacological mecha-
nisms. We also recommend that further researches may better
elucidate intrinsic pathways which follows caffeine interac-
tion with adenosine receptors, and should focus on a possible
upregulation of dopamine D2/D3 receptors, as well as on the
interaction between A2A-D2 heterodimers and the relationship
with the thalamus.

In this sense, considering current related literature, we con-
clude that the effects of caffeine can be situated, in a
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pharmacological perspective, as an auto-limitant rewarding
substance, which can be better described as an indirect agonist
of dopamine-mediated reward pathways; in a clinical ap-
proach, we have support from several studies for both toler-
ance and withdrawal caffeine-induced effects. Nevertheless,
more studies on the field could provide a better understanding
of related cellular and molecular mechanisms involved; also,
of interest are future studies detailing a possible susceptibility
of children and adolescents, as well as the relation of caffeine
with other drugs of abuse.

Finally, we suggest, regarding the potential public health
damage caused by that substance, which could be of better
choice in terms of public policies to provide to the population
a better understanding about the potential harmful effects of
coffee consumption. In addition, educational campaigns
should clarify the recommended doses, and that, in terms of
product consumption, campaigns should address the maxi-
mum tolerable ammount in daily basis in order to avoid de-
pendence. The population should profit not the harmful, but
the optimal effects that caffeine can provide.
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